Sodium nitroprusside (SNP) is used to reduce arterial pressure (AP) in surgical procedures [1, 2] . Hypotension reduces glomerular filtration rate (GFR), which is virtually always recoverable [3] . On the other hand, it has been shown that SNP in clinical doses has some protective effect on renal blood flow (RBF) [4, 5] . However, the safe limits of hypotension for renal metabolism are unclear. It is possible that the degree of hypotension observed clinically with SNP might reduce the effective RBF and therefore result in metabolic changes in the kidney, and that these may not be as readily reversible [6, 7] .
Sodium nitroprusside (SNP) is used to reduce arterial pressure (AP) in surgical procedures [1, 2] . Hypotension reduces glomerular filtration rate (GFR), which is virtually always recoverable [3] . On the other hand, it has been shown that SNP in clinical doses has some protective effect on renal blood flow (RBF) [4, 5] . However, the safe limits of hypotension for renal metabolism are unclear. It is possible that the degree of hypotension observed clinically with SNP might reduce the effective RBF and therefore result in metabolic changes in the kidney, and that these may not be as readily reversible [6, 7] .
Phosphorus-31 magnetic resonance spectroscopy ( 31 P-MRS) has been used extensively to document changes in the kidney of rats in vivo during haemorrhagic hypotension. A significant reduction in ATP content and increases in inorganic phosphate concentration ([Pi] ) and intracellular hydrogen ion concentration (acidosis) were observed [6] . The AP at which these changes were first observed was within the range of pressure used clinically with SNP [2] . Our own recent studies, using an isolated perfused pig kidney, showed whole kidney and renal cortical metabolite changes at an AP of 40 mm Hg [8] . These changes may be more extreme because of the non-physiological state of isolated perfused pig kidney.
To establish the renal metabolic effects of hypotension caused by SNP in vivo, we monitored AP, renal function and 31 P-MRS of the kidney of the pig during infusion of doses of the drug in excess of that used commonly in clinical practice.
anaesthetized pig. Eleven mature male pigs (Great White strain, mean weight of 15.2 kg) were studied and allowed free access to water before operation. In eight pigs, 31 P-MRS was performed, and in three the dose response of systemic AP to SNP was established, but MRS was not performed.
Anaesthesia was induced with ketamine hydrochloride (Ketaset, Bristol Laboratories) 22 mg kg" 1 and' xylazine (Rompum, Haver) 2 mg kg" 1 i.m. The trachea was intubated with a size 6 Portex tracheal tube and lungs were ventilated with a Harvard ventilator (Harvard Apparatus-Model 613) at a frequency of 16-20 b.p.m. and tidal volume of 200 ml. Anaesthesia was maintained with 0.5-1 % halothane in oxygen 4 litre min" 1 . Right nephrectomy was performed through a subcostal incision. An arterial cannula was placed in the aorta by direct puncture at or about the level of the renal arteries, to monitor AP and obtain samples at 30-min intervals. A second cannula was placed in the inferior vena cava (by direct puncture) for infusion of fluids and venous blood sampling. With the catheters in place, the incision was closed and the other kidney was exposed through a left subcostal incision and the left ureter cannulated using an 8-French gauge Argyle catheter.
The kidney was placed in a 10-cm diameter dish with a notch on the medial aspect to accommodate the renal vessels and the ureter. A 9.5-cm diameter acrylic cylinder (Plexiglass) of 6 cm height was lowered over the kidney so that the kidney lay within the cylinder, and the dish occluded one end. Both cylinder and dish were covered with copper foil, acting as a Faraday shield, to exclude magnetic resonance signals from the adjacent muscle masses. The muscles of the abdominal wall, subcutaneous fat, skin and other extraperitoneal tissues were also excluded from the sensitive volume of the coil by this device. To avoid drying and to prevent shorting of electrical capacitors, the kidney was wrapped in a plastic bag and positioned anatomically inside the radio frequency (RF) coil ( fig. 1) .
Finally, the pig was placed inside a cradle designed to fit the bore of the magnet. The RF coil was fixed to the cradle to prevent respiratory movements of the kidney. The cradle, with the animal in it, was placed in the magnet. Core body temperature was recorded electronically via an intra-oral probe (Digi-Sense, Cole Parmer, model No. 8523-00) and warm air was blown con- tinuously inside the bore of the magnet to maintain body temperature. With this arrangement, bore temperature was maintained at 32 ± 1 °C. AP was monitored by a Honeywell Simultrace Recorder (Model AR-6). To maintain fluid balance and continuous urine flow, physiological saline was infused i.v. at a mean rate of 1.2 ml min" 1 and urine and blood samples were taken at 30-min intervals for measurement of serum electrolyte and creatinine concentrations. After 1 h of normotension, hypotension was induced by administration of SNP in doses of 7-20 ug kg" 1 min" 1 (mean 12 ^g kg" 1 min"
1
) to obtain maximal hypotensive effects. After infusion of SNP, further hypotension was produced by one of two methods: increase in inspired halothane concentration from 0.5% to 2.0% (n = 5), or venesection by withdrawal of 200-400 ml of blood (n = 3). Hypotension was maintained for a mean of 70 min (30-135 min), after which AP was restored to normal (by autotransfusion in the case of venesection). The period of hypotension was ' different in the 11 pigs in the study because of the different dose response to SNP, halothane and venesection in the animals.
31 P-MRS was carried out during normotension, hypotension and recovery. Spectra were recorded for up to 30 min after reversal of hypotension (n = 4).
MRS methods
All experiments were performed on a CSI-II spectrometer from General Electric Instruments (Fremont, California), equipped with a 4.7 T, 33-cm bore magnet manufactured by Oxford Instruments (Oxford, U.K.). The kidney was placed at the centre of an oval two-turn Helmholz coil, 6.5 x 4 cm diameter, the turns being 3 cm apart. The coil was doubly tuned to 81 MHz for phosphorus-31 and 200 MHz for protons using the tuning circuit described [9] . The coil was used both to transmit and to receive. After shimming to a proton line width of 50 Hz or less, a hydrogen-1 image of the kidney was obtained using a standard spin-echo imaging sequence (TR 2 s, TE 40 ms). The image was used to check the position of the kidney within the coil. The coil was then tuned to phosphorus-31 and spectra were recorded at 5-min intervals using the lowing spectral parameters: pulse width 150ns, spectral width 5 kHz, 1 K complex data points, 2.2 s interpulse delay and 128 averages. A digital exponential filter corresponding to a line broadening of 15 Hz was applied before Fourier transformation, followed by a frequency domain baseline deconvolution. Ratios of the metabolites were determined from peak height, since no absolute quantitation of metabolites was attempted. Ratios of peak heights are approximately proportional to the concentration of metabolites if the T 1 relaxation times are similar [10] . The variation in T x between P-ATP and Pi is 0.99-1.08 s in rat kidney [11] . Therefore, using a repetition rate of 2.2 s, the relative saturation of the P-ATP and Pi would be similar. In a subsequent study, absolute quantitation of porcine renal metabolites by means of 31 P-MRS was undertaken [paper in preparation].
To overcome the difficulty of overlapping peaks, we have used the computer-determined peak-height, referred from the corrected baseline of the Fourier-transformed spectrum. In the absence of phosphocreatine (PCr), pH was determined from the differences in the chemical shift of Pi and y-ATP. Previous authors have demonstrated that the chemical shift of a-and y-ATP are insensitive to pH [12] [13] [14] , and either resonance may therefore be used as a reference. Good correlation between this and the standard pH assay (a = PCr -Pi) was obtained, where PCr was still observed in the "renal" spectrum.
RESULTS

Effects of hypotension on renal physiological function
One hour was allowed for equilibration of AP, urine flow and arterial blood-gas tensions of the pig within the bore of the magnet; thereafter the pigs maintained a constant state for up to 9 h while anaesthetized with halothane. Table I shows AP, GFR and urine flow of the pigs in the present study, and published normal values [15] . In this study mean GFR was within physiological limits. Urine output was higher than published values for male pigs of same age and weight, but the high percentage of sodium reabsorption indicated that tubular function in this preparation was within normal physiological limits.
The effect of nitroprusside on systemic AP was highly variable, and the dose required to produce Figure  2 shows a representative experiment in which the dose response of AP to SNP was established. Doses of SNP in excess of 15 ug kg" 1 min" 1 i.v. did not result in further hypotension. The dose required to produce hypotension differed from one animal to the next and therefore the unifying point in these experiments was the smallest AP attained and not the dose of SNP. For this reason, data from the 11 pigs in the study shown in table I are pooled. Increasing halothane or venesection reduced AP further, by 9% and 15% (P < 0.05 and 0.07), respectively. On cessation of SNP infusion, significant recovery (P < 0.7 vs control) occurred in the majority of animals. In five of the I1 pigs, AP did not recover, presumably because of prolonged hypotension with a combination of SNP and halothane or venesection. Hypotension produced the anticipated effects on renal function (table I) , with significant reductions in GFR, urine flow and total sodium reabsorption (TNa). Figure 3A shows a representative phosphorus-31 spectrum of the pig kidney under normotensive conditions. Resonances are identified from chemical shift of (from left to right): phosphomonoester (PME); inorganic phosphate (Pi); phosphodiester (PDE), including glycerophosphoryl choline (GPC); Y-, a-and P-phosphates of ATP. Tissue pH in this spectrum was 7.41 and the corresponding blood pH was 7.40. The mean [ATP]: [Pi] in this representative experiment was 1.01 ±0.05 and the tissue pH was 7.41 ±0.02. The ratios of metabolites calculated from peak heights were similar to those reported previously for rat kidney in vivo [13, 16] and showed improved overall renal oxygenation for this in vivo pig kidney compared with the isolated perfused pig kidney [8] .
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DISCUSSION
Hypotension produced by SNP results in a reduction in GFR and urine flow which is virtually always recoverable [3] . On the other hand, it has been shown that SNP in clinically recommended doses has some protective effect on RBF [4, 5] ; in high doses RBF, cardiac output and total peripheral resistance are reduced [5] and heart rate is increased [17] . We have also noted an increase in heart rate and a small (6 %) [8] , and this hypothesis is the subject of a current study.
The further reduction in AP of 9-15% produced by venesection or increase in dose of halothane had profound effects on renal energy metabolism. TNa was reduced further; this should have resulted in a further increase in [ATP], as it was not used for Na transport. However, we must presume that a critical reduction in RBF occurred at these low values of AP, resulting in a decrease in [ATP] which was not reversible. We have noted that, whilst the functional recovery of the kidney was almost complete, metabolic recovery was not and recovery of [ATP] was always incomplete in those animals that survived.
Intra-renal pH is normally a sensitive indicator of renal hypoxia [7] ; this was not altered significantly by SNP or halothane in this model. We presume that RBF after SNP and halothane was sufficient to wash out any excess lactate formed. Systemic lactic acidosis, normally observed with excess doses of SNP [1] , was constantly corrected in these studies by intermittent administration of sodium bicarbonate and by ventilation, maintaining arterial pH close to 7.4, and arterial Pco, at 4-5.3 kPa. It is possible therefore, that correction of this systemic acidosis prevented observation of any significant change in intra-renal pH.
During clinical use of SNP, maintenance of effective RBF is of utmost importance. In this study, although SNP, even at high doses, did not affect the energy producing processes of renal cells, in combination with halothane or haemorrhage it may result in irreversible damage to these processes. The importance of this reduction in [ATP] for tubular function is not clear, but reduced renal [ATP] has been thought to induce acute renal failure [11] . The advent of practical clinical 31 P-MRS may make similar investigations feasible in man.
